ABSTRACT: Realizing the commercialization of high-performance and robust perovskite solar cells urgently requires the development of economically scalable processing techniques. Here we report a high-throughput ultrasonic spraycoating (USC) process capable of fabricating perovskite filmbased solar cells on glass substrates with a power conversion efficiency (PCE) as high as 13%. Perovskite films with high uniformity, crystallinity, and surface coverage are obtained in a single step. Moreover, we report USC processing on TiO 2 / ITO-coated polyethylene terephthalate (PET) substrates to realize flexible perovskite solar cells with a PCE as high as 8.1% that are robust under mechanical stress. In this case, a photonic curing technique was used to achieve a highly conductive TiO 2 layer on flexible PET substrates for the first time. The high device performance and reliability obtained by this combination of USC processing with optical curing appear very promising for roll-toroll manufacturing of high-efficiency, flexible perovskite solar cells.
O rganometallic trihalide perovskite solar cells, with power conversion efficiencies (PCEs) rapidly reaching ca. 20%, 1−3 are one of the most promising, next-generation photovoltaic technologies due to their excellent material properties, including long carrier diffusion lengths 4 and large absorption coefficients. 5 To achieve high-quality perovskite films, a variety of deposition techniques, such as thermal evaporation, 6 −8 single-step spin-coating, 9 ,10 layer-by-layer or two-step coating, 11, 12 and vapor-assisted 13 processes, have been developed. However, one major disadvantage of most laboratory-scale techniques is that they are incompatible with low-cost, roll-to-roll processing envisioned for large-scale manufacturing. Existing scalable processing techniques include inkjet printing, slot-die coating, blade-coating, screen printing, and ultrasonic spray-coating. 14−21 Among these cost-effective roll-to-roll compatible processes, ultrasonic spray-coating (USC) is one of the most promising that has been successfully exploited for the fabrication of various organic electronic devices including light-emitting diodes, 22 photovoltaics, 23, 24 photodetectors, 25 and field-effect transistors. 26 The overall advantage of USC is its ability to simultaneously provide high throughput, better control over directional deposition, efficient use of materials, uniform film coverage, and compatibility with a variety of substrates, with the potential for the deposition of continuous layers without dissolution of underlying layers. 23,26−28 Recently, the USC process was demonstrated to deposit perovskite thin films on glass substrates, and the resulting devices showed an average PCE of 7.8%. 29 However, considering the diverse application potential for thin-film perovskites, it is highly important to demonstrate the fabrication of high-performance devices on lightweight and flexible substrates using scalable techniques. So far, one major challenge for the fabrication of solar cells on plastic substrates is their incompatibility with high temperature. Typically, the fabrication of high-performance perovskite solar cells, particularly those based on high-quality compact TiO 2 electrontransporting layers, involves a high-temperature (∼500°C) sintering process to increase the crystallinity of TiO 2 . 2, 4, 6 In this work, we report a USC process for the synthesis of highly crystalline and uniform CH 3 NH 3 PbI 3−x Cl x films, suitable for the fabrication of solar cells on glass substrates with a PCE measured as high as 13% and an average in all runs of 10.6%. To realize flexible solar cells, a photonic curing technique that is compatible with roll-to-roll processing was used to achieve conductive TiO 2 layers on ITO-coated polyethylene terephthalate (PET) substrates at low processing temperatures. Solar cells fabricated on PET substrates exhibited PCEs as high as 8.1%, which stayed at about 60−90% of their peak efficiencies after more than 1000 bending cycles. Figure 1a schematically shows the USC process, where the solution is fed through a programmable syringe pump and sprayed using a 120 kHz ultrasonic nozzle. The nozzle atomizes the solution into micrometer-size droplets with the help of an atomizing nitrogen-gas pressure that prevents clogging of the solution in the nozzle-head. In our work, a solution mixture of methylammonium iodide (CH 3 NH 3 I) and lead chloride (PbCl 2 ) precursors was ultrasonically spray-coated on various substrates, and then the obtained films were thermally annealed at 100°C for 1 h in air to drive the chemical reaction and crystallization. The annealed, spray-coated film shows strong and sharp Bragg peaks (Figure 1b ) at 14.1°and 28.4°, corresponding to (110) and (220) planes, respectively, indicating the formation of a highly crystalline tetragonal perovskite film.
5,29
In order to achieve high-quality perovskite films for highperformance devices, we optimized the USC process by comparing different solvents, tuning the substrate temperature, and optimizing the perovskite film thickness. To examine the effect of solvent, we used two solvents with different boiling points: N,N-dimethylformamide (DMF, boiling point = ∼153°C
) and dimethyl sulfoxide (DMSO, boiling point = ∼189°C). The high boiling points of these solvents result in prolonged drying times (∼15 min for DMF and ∼25 min for DMSO) for the coated films. To minimize the drying time, we used elevated substrate temperatures in conjunction with a lower boiling point solvent, DMF. A scanning electron microscope (SEM) image (Figure 2a) shows that the film, spray-coated on a TiO 2 / ITO/glass substrate at room temperature (26°C), exhibits low surface coverage due to the dewetting caused by the prolonged drying time. As shown in Figure 2b −f, elevated substrate temperatures result in improved film coverage by reducing the surface tension of the wet film; however temperatures of >90°C again result in lower film coverage due to immediate drying of the solution upon reaching the substrate. Figure 3 shows the variation of device performance corresponding to these changing substrate temperatures. Although the open-circuit voltage (V OC ) and fill factor (FF) exhibit negligible differences with increasing substrate temperature, the short-circuit current density (J SC ) reaches the highest value, 13.8 mA/cm 2 , at 75°C, which corresponds to the perovskite films with the highest surface coverage on the TiO 2 layer.
By comparison, films coated using a relatively high boiling point solvent, DMSO, exhibit lower surface coverage (see Supporting Information, Figure S1 ) compared to the films coated using DMF (Figure 2 ). These differences are reflected in the device performance, as shown in Table S1 . The DMSOprocessed perovskite films result in an average PCE of only 4.2%, whereas DMF-processed films show an average PCE of 8.2%, a 95% enhancement. This large efficiency enhancement is mainly ascribed to significant enhancements in J SC and V OC by 59% and 23%, respectively, which result from the fast evaporation of the low-boiling-point solvent DMF, leading to 
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9,29 For the subsequent optimization of the USC process described below, therefore, the substrate temperature was fixed at 75°C, and DMF was used as the solvent.
To further enhance the film properties and device performance, we optimized the perovskite film thickness by varying the solution concentration and infusion rate. Two important observations are made, as shown in Table 1 . First, the film roughness increases with increasing the thickness of the perovskite films. Second, the variation of film thickness primarily impacts the J SC . We found that the J SC steadily increases with increasing film thickness, which we attribute to enhanced photonic absorption. The highest J SC of 19.3 mA/ cm 2 and thus the highest PCE of 11.4 ± 0.4% are reached when the film thickness is increased to 295 ± 33 nm. However, the J SC decreases with further increasing the thickness, probably due to higher charge recombination. 30−32 To correlate the USC process optimization with the device performance and also provide a measure of reproducibility, a series of devices were fabricated on glass substrates. The current density versus voltage (J−V) curve of a typical solar cell is shown in Figure 4a , with a J SC of 18 mA/cm 2 , V OC of 1.05 V, FF of 60.7%, and PCE of 11.5% at forward bias (FB) to reverse bias (RB) scanning direction and a J SC of 18 mA/cm 2 , V OC of 1.00 V, FF of 61.2%, and PCE of 11.1% at a RB−FB direction, under AM 1.5G (100 mW/cm 2 ) illumination, measured in a nitrogen-filled glovebox. This small hysteresis may be attributed to use of planar device architecture. 35, 34 In order to better evaluate the performance, we also determined the stabilized current density and power output (Figure 4b ) of this device by measuring current density at around maximum power point (∼0.75 V), which gives a similar PCE of 11%. The external quantum efficiency (EQE) spectrum of the same device measured in air without encapsulation is shown in Figure 4c , where integrating the EQE curve over the spectral range (AM 1.5G) yielded a J SC of 17.14 mA/cm 2 , ∼4.7% lower than the J SC extracted from J−V characteristics, which could be due to the mismatch in two different solar spectra 3 or instability of SpiroOMeTAD in air. 33 To demonstrate the statistical significance of the high device performance obtained by process optimization, Figure 4d shows a PCE histogram of 60 devices fabricated on glass substrates using the optimized process. The most efficient cell exhibits a J SC of 20.6 mA/cm 2 , V OC of 1.03 V, FF of 61.6%, and PCE of 13% ( Figure S2 ). These devices demonstrate an average PCE of 10.6 ± 1.0%, which is comparable to that of the devices fabricated by spin-coating ( Figure S3 ). The statistically significant results clearly reveal the potential of USC in the large-scale manufacturing of perovskite solar cells.
The excellent device performance discussed above encouraged us to fabricate devices on flexible and lightweight PET substrates. Instead of the high-temperature annealing (∼500°C ) of the TiO 2 films used for glass substrates, 2,4,6 we used a photonic curing technique to achieve conductive TiO 2 films on ITO/PET substrates, where the TiO 2 films are exposed to 5 to 10 high-density infrared (HDI) light pulses from a highintensity plasma arc lamp for short dwell times of 1−2 ms. This technique, also called pulse-thermal processing (PTP), is a HDI processing technology based radiant heat treatment technique that can deliver a peak sintering power up to 20 000 W/cm 2 during a millisecond and is used to rapidly anneal thin films of various materials without damaging underlying plastic substrates. 36, 37 This tool enables reproducible, roll-to-roll, hightemperature processing of thin-film materials on low-temperature substrates. Figure 5a shows the simulated temperatureversus-time profile for the photonic curing technique used in this work to anneal TiO 2 films on ITO-coated PET substrates. Figure 5b shows the J−V curves for the best devices with asspin-coated, thermally annealed, and photonic-cured TiO 2 films. As can be seen, the device with an as-coated TiO 2 film shows very poor photovoltaic performance: J SC = 3.2 mA/cm 2 , V OC = 0.78 V, FF = 15.1%, and PCE = 0.4%. This poor performance, particularly very low J SC and FF, is due to the high interfacial resistance in the device due to poor conductivity of TiO 2 films. The device using thermally annealed TiO 2 shows a J SC = 3.5 mA/cm 2 , V OC = 1.04 V, FF = 48.7%, and PCE = 1.8%, a five-times improvement. On the other hand, the device with 
Letter photonic-cured TiO 2 exhibits excellent performance, with a J SC = 15.3 mA/cm 2 , V OC = 1.03 V, FF = 51.4%, and PCE of 8.1%, measured at an FB−RB scanning direction under AM 1.5G illumination in a nitrogen-filled glovebox. At an RB−FB scanning direction, however, the device shows a J SC = 15.1 mA/cm 2 , V OC = 0.98 V, FF = 46.9%, and an overall PCE of only 6.9%, showing pronounced hysteresis, probably due to the use of planar device architecture. 35, 34 The stabilized current density and power output from the same device at maximum power point (∼0.61 V) are 12 mA/cm 2 and 7.3%, respectively (Figure 5c ), which gives a reasonably accurate estimate of the device performance. The integrated J SC from the EQE spectrum (Figure 5d ) from the same device is 15.1 mA/cm 2 , which is well consistent with the measured J SC from J−V characteristics.
To demonstrate the mechanical flexibility, a stringent bending test was performed on four flat flexible devices at 7 mm and 3 mm radii of curvature (Figure 5e ). The devices retain 60−90% of their initial PCEs after 1000 bending cycles, demonstrating the compatibility of perovskite solar cells with low-cost and lightweight flexible substrates. The small degradation in device performance results from a decrease in J SC and FF due to cracking of ITO at higher stress ( Figure S8 ) and increased contact resistance. Overall, flexible devices exhibit an excellent average PCE of 5.9% (Figure 5f ). Although the average J SC and FF of devices on PET substrates (Table S3) are lower than those on glass substrates, due to lower conductivity of the photonic-cured TiO 2 as compared to the thermally annealed TiO 2 on glass, the reasonably high PCEs of flexible devices fabricated using a combination of USC process and the photonic curing technique represent a substantial step toward the mass production of perovskite solar cells in the near future.
In summary, a high-throughput ultrasonic spray-coating process was successfully applied to fabricate high-quality, uniform, and highly crystalline CH 3 NH 3 PbI 3−x Cl x films on glass substrates for solar cell applications. The best solar cell fabricated on glass exhibited an efficiency of 13%, comparable to that of a CH 3 NH 3 PbI 3−x Cl x device made by spin-coating. The spray-coating process flow has also been successfully translated from glass substrates to plastic PET substrates. Together with a low-temperature photonic-cured compact TiO 2 layer, the best flexible CH 3 NH 3 PbI 3−x Cl x solar cell, fabricated by spray-coating, exhibited a PCE as high as 8.1%. The excellent mechanical flexibility of these devices was demonstrated by the minimal degradation in performance after more than 1000 bending cycles. The scalability of the spray-coating process together with a low thermal budget photonic curing technique used in this work for the development of high-performance flexible perovskite solar cells represents a very unique and viable route for the roll-toroll manufacturing of new-generation solar cells.
■ EXPERIMENTAL SECTION
Materials and Solution Preparation. TiO 2 for the electron transport layer was synthesized following a method published elsewhere.
10 CH 3 NH 3 PbI 3−x Cl x precursors, methylammonium iodide (MAI) and lead chloride (PbCl 2 ), were purchased from 1-Material and Sigma-Aldrich, respectively, and used as received. MAI was mixed with PbCl 2 (3:1 molar ratio) and dissolved in anhydrous DMF for a total concentration of 10 wt %. Hole transport material, 2,2′,7,7′-tetrakis(N,N-dimethoxyphenylamine) 9,9′-spirobifluorene (Spiro-OMeTAD, 1-Material), was dissolved in chlorobenzene for a concentration of 90 mg/mL and doped with 45 μL of lithium bis-(trifluoromethanesulfonyl)imide (LiTFSI) solution (170 mg/ mL in acetonitrile) and 10 μL of 4-tert-butylpyridine (tBP) solution. Both LiTFSI and tBP were purchased from SigmaAldrich and used as received. 
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Letter Device Fabrication. ITO-coated glass (15 Ω/□) and PET (60 Ω/□) substrates were cleaned sequentially by sonication in detergent, deionized water, acetone, and 2-propanol, followed by baking at 70°C for 2 h. The as-prepared TiO 2 solution was spin-coated onto UV-ozone-treated ITO-coated glass and PET substrates at 2000 rpm for 40 s in air. Subsequently, glass substrates were annealed at 500°C in a muffle furnace for 30 min. For the PET substrates, the TiO 2 films were annealed by exposing them to five infrared pulses under a radiant exposure of 17.3 J/cm 2 from a plasma arc lamp for 2 ms pulse dwell time using a PulseForge 3300 processing system from NovaCentrix. The CH 3 NH 3 PbI 3−x Cl x solution was ultrasonically spray-coated onto TiO 2 /ITO-coated glass and PET substrates in ambient air using an ExactaCoat system (Sono-Tek Corporation) equipped with a 120 kHz nozzle. Substrates were kept at 75°C during coating under optimized USC process, i.e., a path speed of 100 mm/s, a nozzle height of 5 cm, an atomizing gas pressure of 2.6 psi, and an infusion rate of 3.2 mL/min. After drying the coated films, they were annealed at 100°C for an hour in air. For spincoated devices, a 40 wt % CH 3 NH 3 PbI 3−x Cl x solution was spincoated onto TiO 2 /ITO-coated glass and PET substrates at 3000 rpm for 45 s and subsequently annealed at 100°C for 1 h. The as-prepared Spiro-OMeTAD solution was spin-coated at 2000 rpm for 30 s on top of CH 3 NH 3 PbI 3−x Cl x films. Finally, a 100 nm thick Ag layer was thermally deposited at 1 Å/s under a vacuum level of 4 × 10 −6 mbar, using a shadow mask to complete the devices. The device area of 6.5 mm 2 was calculated by a high-resolution optical microscope.
Film and Device Characterization. Current−voltage (J− V) curves of the fabricated solar cells were measured by scanning from forward bias to reverse bias (1.2 V to −0.2 V) direction and vice versa after a ∼120 s initial light soaking time, using a source meter (Keithley 2400, USA) and a solar simulator (Radiant Source Technology, 300 W, Class A) under the AM 1.5G (100 mW/cm 2 ) conditions. The intensity of the solar simulator was calibrated by a NIST-certified Newport Si reference cell. The voltage step during the scan was fixed at 35 mV with a delay time of 50 ms. EQE measurements were conducted in air using a Newport QE measurement kit under short-circuit conditions. X-ray diffraction measurement was done using a high-resolution PANalytical X'Pert Pro MPD diffractometer with a Cu Kα source (wavelength 1.540 50 Å). The film morphology was studied by a Zeiss Merlin VP scanning electron microscope. Figure S8 . Optical microscope images of ITO morphology on PET substrates a) before any bending and b) after 300 bending cycles using a metal cylinder with 3 mm radius.
